INTRODUCTION
Biological N, fixation is an 0,-sensitive process in which nitrogenase, the enzyme responsible for reduction of dinitrogen, is irreversibly damaged by exposure to air. Members of the aerobic genus Azotobacter can grow in air with N2 as a N source as a result of at least two mechanisms which overcome the problem of 0, in the environment. Nitrogenase in these organisms can exist in an inactive yet 0,-tolerant form known as the conformationally protected state (Dalton & Postgate, 1969a) . Protection arises from the formation of a complex between nitrogenase component proteins, the MoFe-and the Fe-proteins, and a third protein which may be unique to Azotobacter (Haaker & Veeger, 1977; Robson, 1979a) . Phillips & Johnson (1961) suggested that when these organisms are fixing N,, nitrogenase is protected by the scavenging of O2 by respiration, a process which was later confirmed and termed 'respiratory protection' (Dalton & Postgate, 1969a; Drozd & Postgate, 1970) . When respiratory protection is inadequate, conformational protection stabilizes existing nitrogenase whilst synthesis of nitrogenase de nouo is repressed (Robson, 19793 ; Postgate et a/., 1981).
Azotobacters can exhibit remarkably high rates of respiration (Burk, 1930) , which are achieved through a reduction in energy conservation (Dalton & Postgate, 1969 b) . Reduction in energy conservation is believed to be brought about by the routing of electrons through 
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alternative limbs of a branched electron transport chain which are not associated with proton translocating sites (Jones et al., 1973a) , and by a decrease in the efficiency of energy coupling at those loops of the electron transport chain which are associated with an energy conservation site (Downs & Jones, 1975; Jones et al., 1973b) .
In order to learn more about the mechanism of protection of N 2 fixation against 02-damage in Azotobacter we have isolated mutants of Azotobacter chroococcum MCD-1 which are unable to fix N 2 aerobically. The physiological properties of some of these mutants are described.
METHODS
Organisms and growth conditions. Azotobacter chroococcum MCD-1 (streptomycin (Sm) and nalidixic acid (Nal) resistant) is a non-aggregating, non-gummy derivative of NCIMB 8003 cured of three out of five indigenous plasmids (Robson et al., 1984) . Escherichia coli HBlOl(pGS18) was used for T n l mutagenesis; pGS18 is the transposon T n l suicide vector. It comprises the transfer (Tra) genes from the IncN plasmid pCUl cloned into pACYC184. TnJ is inserted at an apparently neutral site. The plasmid encodes carbenicillin (Cb) and chloramphenicol (Cm) resistance and is incapable of replication in Azotobacter (Selvaraj & Iyer, 1983) . E. coli HBlOl(pCK 1, pRK2013) is described elsewhere (Kennedy & Robson, 1983) . Azotobacter strains were routinely cultured aerobically at 30 "C on an enriched Burk's type medium (RM) or, when defined growth conditions were required, a modified Burk's medium (AM) which contained 0.1 mM-Ca2+. RM and AM contain sucrose (55 mM) as the sole C source and are described elsewhere (Robson et al., 1984) . When carboxylic acids (usually 10 mM) were required they were supplied from neutralized filter-sterilized 1 M stock solutions. When a source of combined N was required, urea (10 mM), (NH,)2S0, (2.5 to 5 mM), or CH,COONH, (5 to 10 mM) were used interchangeably. E. coli was grown routinely at 30 "C on Luria-Bertani medium. Solidified media contained agar at 1.5% (w/v) unless otherwise stated.
Mutagenesis. For N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) mutagenesis, exponentially growing organisms were harvested (at a density of approx. lo8 cells ml-I), resuspended in PEM buffer (Robson et al., 1984) and starved for 5 h by incubation aerobically at 30 "C. The population was then exposed to M N N G ( 5 to 10 pg ml-I) for 10 min to give 10 to 50% survivors. Organisms were outgrown for 24 to 48 h in AM plus 5 mM-(NH.J2S0, and the appropriate carboxylic acid, and were then N-starved for 6 to 8 h prior to enrichment in which carbenicillin (10 pg ml-I) and cycloserine (10 pg ml-I) were used to select against unwanted phenotypes under the appropriate conditions. For TnJ mutagenesis, A . chroococcum MCD-1 was mated with E. coli HBlOl(pGS18) for 24 h at 30 "C on RM agar containing glucose (1 %, w/v). Cb' derivatives of A . chroococcum MCD-1 were selected on RM agar containing Sm (20 pg ml-I), Nal(l0 pg ml-I) and Cb (50 pg ml-I) at a frequency of lo-, recipients. Ninety-nine per cent of the Cb' colonies were Cms, indicating the failure of pGS18 to replicate in A . chroococcum MCD-1. This was confirmed by examination of the plasmid profiles of the strains. Three per cent of these isolates were auxotrophic or Nif-, indicating transposition of T n l from pGS18. However, 1 % of the Cbr transconjugants were also Cmr (at 30 pg ml-I) but did not contain pGS18; they may have arisen by replicon fusion between pGS18 and either the chromosome or the indigenous plasmids in A . chroococcum MCD-1 (Robson et al., 1984) .
Measurement ofrespiration rates. Respiration was measured in a Clark-type O2 electrode (Rank Bros, Bottisham, Cambridge, UK) at 30 "C. For measuring respiration of intact organisms, cells were grown in 5 ml AM medium with or without carboxylic acids in 25 ml nominal volume flasks at 80 r.p.m. in a Gallenkamp orbital incubator at 30 "C. Cells (0.2 to 1 ml) were transferred to the chamber of the O2 electrode, which contained AM medium with the carboxylic acid utilized for growth, to reach a final volume of 3 ml. Respiratory membrane preparations were made by disrupting organisms by passage through a French pressure cell at 18000 lbf in-2 (124 MPa). They were collected by centrifugation at 140000g for 2 h after first removing intact organisms and cell debris by centrifugation at 15000g for 15 min. The membrane-enriched pellet was resuspended in 50 mM-HEPES buffer (pH 7.0) containing 5 mM-MgC1,. Uptake of O2 was followed in this buffer with substrates added at saturating concentrations. Values for apparent K s ( 0 2 ) of whole cells or membranes were estimated from the trace obtained with the 0, electrode. At any given O2 concentration the rate of O2 uptake was calculated from the tangent to the trace. The apparent Ks(Oz) is defined as the O2 concentration at which the respiration rate was half maximal. This definition was used because plots of the reciprocal of the 0, concentration versus the reciprocal of the respiration rate did not fit statistically a straight line.
Other methods. Growth of organisms was followed turbidimetrically using a Klett-Summerson photoelectric colorimeter with a no. 64 filter (Klett MFG, New York, USA); 100 Klett units was equivalent to 0.7 mg protein ml-' or 1.4 mg dry weight ml-I. For growth curve experiments, exponentially growing cells (50 to 100 Klett units) were diluted tenfold in 10 ml culture media, transferred to conical flasks (100 ml nominal volume) provided with a side-arm and shaken at 140 r.p.m. in a Gallenkamp orbital incubator at 30 "C. For cellular protein estimation, cells were harvested, resuspended in 3 ml 1 M-NaOH and incubated for 16 to 24 h at 4 "C, after which protein determinations were done essentially as described by Gornall et al. (1949) , using crystalline bovine serum albumin (Sigma) as a standard. 
RESULTS
Isolation o j~ mutants unusually 02-sensitive for N 2 jixation : the Fos-phenotype Approximately 50% of mutants of A . chroococcum MCD-1 which were unable to grow diazotrophically on AM behaved in an unstable manner. When patched or replica-plated they were able to grow with N2 in air, which suggested that inoculation at relatively high cell density afforded mutual protection. That this phenotype was due to unusual O2 sensitivity when fixing N2 in air was demonstrated in two ways. Organisms were inoculated to a density of approximately lo2 colony forming units (c.f.u.) ml-' into molten AM containing agar at 0.5% (w/v), which was then distributed into test tubes. The tubes were incubated for 3 d at 30 "C. With the parent strain, colonies were observed at the agar-air interface, but with the mutants, colonies were observed in a zone starting approximately 2 to 3 mm below the agar surface. When NH,+ was supplied, growth was observed at the interface in all strains. In a second approach, organisms were spread on AM agar plates at a density of approximately lo2 c.f.u. per plate, and were incubated at 30 "C in air or in gas jars under an atmosphere of 0.2
Colony sizes of parent strain and mutants under low O2 tension were similar, but in air, only the parent strain gave rise to colonies. When NH,+ was supplied the mutants were able to form colonies in air. When acetate was supplied as an additional C source the apparent O2 sensitivity of the mutants was 'corrected'. We call this phenotype Fos-(inability to fix Nz on sugars). In general, other utilizable carboxylic acids or ethanol would correct Fos-strains. We exploited this feature to isolate further Fos-strains; different carboxylic acid substrates gave rise to different classes of Fos-strains (Table 1) . Citrate is not usually utilized by azotobacters (see Thompson & Skerman, 1979) and at 2 mM it inhibited the growth of A . chroococcum MCD-1 on AM media. An unexpected observation was that most Fos-mutants resisted up to 5 mM-citrate, thus providing a method for enriching Fos-mutants by first selecting for citrate resistant (Cit') colonies. Approximately 10% of Citr clones showed aerosensitive diazotrophy. Following MNNG or Tnl mutagenesis 278 independent mutants were isolated. The various groups of mutants are listed in Table 1 .
Physiological properties of Fos-mutants
We attempted to group the mutants according to various attributes such as growth rate, respiration characteristics, etc. Many of these characteristics would best be quantified in chemostat culture; however, with so many strains, this was not feasible and so batch culture methods were used throughout this study.
Growth ofFos-mutants in liquid culture. In AM medium containing a combined-N source, most mutants had growth rates (doubling times 2.8 to 3.4 h) similar to the parent strain (2.8 h). However, some (e.g. Fos 250 and Fos 270) grew more slowly (doubling times 5 to 8 h), and two mutants, Fos 118 and Fos 260, grew significantly faster (2.3 to 2.7 h). Diazotrophic growth of the Fos-mutants was only obtained provided a large inoculum (e.g. 50 to 100 Klett units) was used and the cultures were not aerated vigorously. Growth rates (doubling times 4 to 15 h} were always slower than the parent strain (3.5 h) under comparable conditions ( Table 2) . Cell yields, as determined by turbidity, were 40 to 80% of that of the parent strain. A consistent property of batch cultures of the mutants was their sensitivity to dilution. When AM-grown populations were diluted tenfold into prewarmed AM, a growth lag was observed with the mutants but not with the parent strain. Fig. 1 shows the behaviour of Fos 102 as an example. When acetate was added immediately after dilution the lag was not observed (Fig. 1) . Likewise, NH,+ addition eliminated the lag. These findings are consistent with the possibility that the lag is induced by increased aeration inhibiting N2 fixation. An alternative explanation is that the mutants are hypersensitive to 'dilution shock'.
'Correction' of F o r phenotype by carboxylic acids. Most isolates (see Table 3 for a few examples) showed normal aerotolerant N2 fixation when any of the substrates shown in Table 3 was provided in addition to sucrose in AM. No lag was induced upon dilution of such cultures and rates of growth in air were similar to those of the parent strain with the same carbon sources (see Table 2 and Fig. 1 ). However, some mutants could not be 'corrected' by certain carboxylic acids (Table 3) . Fos 39 and Fos 187, which were not 'corrected' by malate, were isolated as able to grow diazotrophically in air on sucrose plus acetate. Other mutants which failed to grow diazotrophically in air with one or more carboxylic acids include Fos 189 to Fos 200, which were isolated as unable to grow in N 2 with pyruvate, and Fos 261 to Fos 264 which did not fix N2 with malate. Some mutants showed an absolute requirement for a particular carboxylic acid in order to fix N 2 aerobically, e.g. Fos 250 to Fos 258 required 2-oxoglutarate. One of the Citr clones, Fos 270, was not 'corrected' by any of the carboxylic acids tested.
'Correction' of Fos-phenotype by increased Ca2+. Increasing the Cat+ concentration in AM medium from 0-1 mM to 1 mM restored aerotolerant diazotrophy b -a u t a n t s tested except those not 'corrected' by pyruvate. Also, increasing the Ca2+ concentration shortened the growth lag induced by tenfold dilution of cultures, and increased the rate of growth in air. No changes in growth of the parent strain in the presence of 1 mM-Ca2+ were observed.
Respiratory characteristics of A . chroococcurn MCD-I and Fos-mutants Behaviour of MCD-I. When grown on AM or AM with glucose in place of sucrose, organisms were able to respire acetate. Acetate-grown organisms did not respire sugars without prior incubation. When both substrates were supplied together to sucrose-grown organisms, both were taken up. These results agree with data for Azotobacter vinelandii (Harris, 1945) . We observed that 0, uptake traces with sucrose were non-linear when the O2 concentration was AM-grown populations of MCD-1 were placed in a Clark-type O2 electrode and consumption of O2 was followed as described in Methods. To test the effect of acetate on respiration it was added to 10 mM at the time indicated in the figure using a new batch of organisms at the start of the experiment (.-). lower than 50 PM. The addition of acetate caused the O2 uptake to become linear over a much greater range, although the maximum rate only increased slightly (Fig. 2) . This effect was rapid and independent of the O2 concentration at the time of addition of acetate. These findings indicate that the C source could influence the apparent affinity of the organisms for O2 without changing the maximum respiration rate. We attempted to quantify the apparent K,(O2) values with the different C substrates as described in Methods in order to compare the behaviour of MCD-1 with the Fos-mutants. Citrate at 2 mM inhibited the growth of MCD-1. Whilst the site of action of citrate is not known at this time, we observed that citrate addition caused a rapid inhibition of growth in AM with N 2 or NH:, and a progressive, and over 90 min total, inhibition of respiration in this strain. as the sole C source (see Table 3 ).
Surprisingly, citrate initially caused a response in the apparent K s ( 0 2 ) similar to that observed for acetate. Behauiour of Fos-mutants. Various Fos-strains were grouped according to their respiratory properties when growing diazotrophically on sucrose as a C source under low aeration conditions (Table 4) .
Group RI comprised two strains, Fos 118 and Fos 260, which were similar to the parent strain grown under comparable conditions with respect to maximum respiration rate and the apparent K, (O,) when respiring sucrose or sucrose plus a range of carboxylic acids. These mutants also grew faster on NH,+ than the parent (see above). To determine the possible lesion in these strains, organisms were pulse-labelled with 35SO$-both during growth and during the lag elicited by dilution.
The parent strain and six other Fos-mutants (Fos 35, 39, 102, 189, 252 and 270) synthesized nitrogenase polypeptides during the dilution-induced lag, but the group RI mutants did not. The Klebsiella pneumoniae n$AC high copy number plasmid pCK1, which overcomes O2 and NH,+ repression of nifexpression in azotobacters (Kennedy & Robson, 1983) , was introduced into the group RI strains, and restored the ability to synthesize nitrogenase polypeptides during the dilution-induced lag. Plasmid pCK 1 also complemented the Fos-phenotype in these strains. If the lag observed in this group of mutants is due to increased aeration, then they might be hypersensitive to 0, repression of nitrogenase synthesis.
Group RII, of which only a few examples are listed in Table 4 , contained mutants which exhibit low maximum rates of respiration, but values for apparent K s ( 0 2 ) that are similar to MCD-1. In this group, the ability of carboxylic acids to correct the phenotype was always correlated with an increased affinity for O2 rather than increased respiration rate, as illustrated by the behaviour of some examples in Table 4 . In the case of Fos 102, carboxylic acids increased both respiration rate and O2 affinity, whilst in Fos 217 carboxylic acids caused only an increase in O2 affinity. Fos 270 was not 'corrected' by any carboxylic acid tested, and though they all increased respiration rates significantly no change in the apparent affinity for O2 was observed.
Group RIII contained strains which exhibited respiration rates similar to the parent but showed values for apparent KS(O2) higher than the parent. In both the typical examples given in Table 4 , the 'correcting' carboxylic acid lowered the value for apparent K s ( 0 2 ) without increasing the maximum respiration rate. In Fos 189, pyruvate neither 'corrected' nor altered the affinity for 0,.
Oxygen-sensitive mutants of A . chroococcum 1455
The behaviour of both groups RII and RIII is consistent with the idea of 'correction' being correlated with increased respiratory activity at low O2 tensions due to a change in the apparent affinity for 0,.
Eflect of Ca2+. In representative mutants of the three groups, Fos 35, Fos 102 and Fos 118, and in the parent strain, increasing Ca2+ to 1 mM with sucrose-grown cells did not alter the maximum respiration rates with sucrose, but increased affinities for O2 were observed (apparent KS(O2) decreased from > 20 p~ to approx. 14 pM).
Eflect of citrate. Citrate at up to 5 mM did not inhibit respiration of the Citr Fos-mutants, although a decrease in the apparent K,(O,) was observed, as with the parent strain, suggesting that citrate was taken up by the organisms.
Respiratory activities of membranes from A . chroococcum MCD-1 and Fos-mutants Membrane suspensions prepared from sucrose-grown or sucrose plus acetate-grown MCD-1 cells respired NADH [70 to 120pmol 0, (mg protein)-' h-'1, malate [36 to 66pmol 0, (mg protein)-' h-'1 and succinate [6 to 12 pmol O2 (mg protein)-' h-'1. Activities were additive with mixed substrates. The apparent KS(O2) values were in all cases below 0.5 p~, which was considerably below that observed in the intact organisms from which they were prepared. In representative mutants (Fos 35, 39, 102 and 118), no obvious differences were observed, indicating that the altered respiratory properties seen in such mutants may not be attributed to changes in the membrane-bound respiratory components.
DISCUSSION
Mutants of A . chroococcum which did not show characteristic tolerance to 0, when fixing N2 were distinguished from other Nif-mutants by their ability to fix N2 when the environmental O2 concentration was considerably decreased. Mutants of this type have not previously been described. In general, they had several properties in common.
(1) The mutant behaviour was observed when the organisms were grown on sugar but not on sugar plus carboxylic acids or on carboxylic acids alone. We called this phenotype Fos-. (2) Growth on sugars with a combined N source was not impaired. (3) Increased Ca2+ in the medium substituted for the carboxylic acid requirement for aerobic N2 fixation. (4) Mutants were resistant to the growth inhibition by citrate at 5 mM demonstrable in the parent (except those requiring 2-oxoglutarate). We were able to identify strains which did not exhibit one or more of these properties, and they give particular insights into the phenomenon of 0,-tolerance.
Azotobacter mutants defective in 0,-tolerance of N2 fixation may bear mutations affecting one or more of the various contributory processes. Of these, we rule out aggregation (Bergersen & Turner, 1980) , since the parent strain used in this study was a non-aggregating variant, and negative aerotaxis (P. Woodley & R. L. Robson, unpublished results) owing to the agitated culture conditions used to select the mutants. Mutants affected in conformational protection, respiratory protection or 0, repression are likely. The properties of the Fos-mutants suggested that they most probably belong in the second category. However, Fos 118 and Fos 260 were genetically complemented by the nijA gene product from K . pneumoniae and therefore seem to be affected in regulation of nitrogenase synthesis. One possibility is that these mutants are hypersensitive to 0, repression, which normally is observed at greater aeration than is required to 'switch off nitrogenase activity (Robson, 19793; Postgate et al., 1981) . This may result from an altered repressor protein if 0, regulation occurs in a manner similar to that observed in K . pneumoniae, where the nfL product mediates repression both by O2 and by low levels of combined N Merrick et al., 1982) . Alternatively the lesion may lie in some general 0,-sensing system. These Fos-mutants grew faster than the parent strain on NHZ, a phenomenon also observed for some nzfL mutants of K . pneumoniae (MacNeil & Brill, 1980) . The general properties exhibited by the other Fos-mutants can be discussed in relation to those growth conditions which elicit unusual 0, sensitivity in N,-fixing wild-type organisms. Cand P-limitation caused A . chroococcum to be particularly 0,-sensitive when fixing N2, at least when a sugar was provided as a C source (Dalton & Postgate, 1969a, b ; Lees & Postgate, 1973) .
Hence, mutations which lead to an 'intrinsic' limitation in either of these nutrients might give rise to 0, sensitivity. It appears likely that the Fos-mutants are intrinsically limited for some step in the metabolism of sugars, but not of carboxylic acids, so that growth with sugars and combined N is thus not affected, but respiratory protection at the expense of sugars is prevented.
The Ca2+ requirement of azotobacters is increased when they are grown in N2 (Esposito & Wilson, 1958 Robson, unpublished data) , which suggests that replenishment of the tricarboxylic acid cycle is important for 0,-tolerant N 2 fixation in A . chroococcum. Yet other mutants not corrected by Ca2+ indicate a role for this ion in the operation of the tricarboxylic acid cycle. Fos-mutants which required 2-oxoglutarate for good growth even when supplied with NH,+ resemble citrate synthase mutants (gltA) described in E. coli (see Weitzman, 1981) .
Our observations on the influence of the C source on the apparent affinity for 0, of whole organisms have not been reported before. Apparent K, (O,) values of approximately 20 FM for A . chroococcurn grown in batch cultures on sucrose can be compared to the low affinity system (apparent K, (O,) 35 FM) reported by Bergersen & Turner (1980) for their most highly aerated chemostat cultures of A . vinelandii with glucose as the C source. They suggested that this system represented the terminal oxidase associated with the mechanism of respiratory protection. Whilst this system might be important at high 0, concentrations, group RII Fos-mutants, like the parent strain, exhibited low affinities for O2 when grown in sucrose, and yet they were nevertheless 0,-sensitive. The ability of acetate to increase the apparent affinity for Ot in sucrose-grown organisms may be the major factor in the correction of the Fos-phenotype by this and other carboxylic acids. This possibility was supported by the observations that those carboxylic acids which corrected the various Fos-mutants consistently increased the respiration rate at low 0, tensions (i.e. below 50 VM), rather than the maximal respiration rate. However, if a rapid increase in the apparent Ot affinity was a normal response to increased aeration then the parent strain should have exhibited a high affinity for 0, with sucrose as the sole C source in the 0, electrode experiments. That this was not the case suggests that the addition of carboxylic acids in general induces at least two rapid effects: the change in affinity for 0 2 , and a more cryptic change, as yet unidentified, which is important for respiratory protection and which is blocked in the Fos-mutants grown on sucrose.
The mechanism of the rapid change in 0, affinity is not understood but may have several explanations.
(1) If respiration of whole organisms becomes subject to respiratory control at low 0, tensions in sucrose-containing media then the action of carboxylic acids may be analogous to uncoupling agents. The action of Cat+ may be similar. Zimniak & Barnes (1983) have described an unusual dual Ca*+ transport system in A . vinelandii. One system is a 2H+/Ca2+ antiport similar to that found in other bacteria, and the other is an electrogenic Ca2+ porter. The two systems could together function as an uncoupling mechanism which might be regulated by the metabolic flux, or become increasingly more effective as extracellular Cat+ is increased. The Ca2+ porter would then act in a manner analogous to the uncoupling protein of brown adipose mitochondria (see N icholls, 1979) .
(2) The fact that isolated membranes exhibited high affinities for O2 with all physiological substrates tested suggests that the limitation which leads to a low 0, affinity with sucrose in viuo is extrinsic to the membrane-bound respiratory-chain components. However, we cannot rule out the possibility that the real affinity for 0, of a terminal oxidase, or the route of electrons in a distally branched electron transport chain with terminal oxidases of different affinities, can be modulated in vivo in a way which cannot be reproduced with isolated membranes. One likely
